The most part of gas sensors based on tin dioxide semiconductor sensing material are fabricated by using sol-gel synthesis of SnO 2 . This process leads to the formation of highly sensitive sensing material; however, it forms hydroxyl groups on the surface of tin dioxide, leading, in turn, to strong parasitic sensitivity of the sensor to changing humidity. This sensitivity can be reduced by calcination of sensing material, but this treatment also reduces considerably the total response of the sensor to target gases. In this work, we investigated the possibility of the dry synthesis of tin dioxide nanoparticles by gas phase spark discharge. After the annealing at 610 o C, the specific area of the material synthesized by spark discharge was about 40 m 2 /g. The sensing layer resistance of the sensor decreases by only 20%, when relative humidity of a carrier air increases from 40 to 100%. At the same time, the hydrogen response of the sensor remains the same as for the material prepared by sol-gel synthesis, that is factor of 8 at 100 ppm concentration of H 2 . Very important property of the sensor is short response time of ~ 1-2 s to both hydrogen and humidity.
INTRODUCTION
Metal oxide (MOX) semiconductor gas sensors are widely used for the determination of trace concentrations of reducing (H 2 , hydrocarbons, methane, H 2 S, NH 3 , etc.) and oxidizing (NO 2 , O 3 , Cl 2 , F 2 , etc.) gases. Their application, however, is limited to some extension, by relatively strong parasitic humidity response of such devices. At the same time, the application of MOX sensors is very important, because, for example, according to recent legislation, it is necessary to detect not only close to lower explosive level (LEL) concentrations of combustible gases, but also sanitary concentrations equal e.g. to 100 ppm for methane.
On the other hand, there is no alternative to the application of semiconductor gas sensors for the detection of low hydrocarbon and hydrogen concentration. Indeed, the sensors, which could be used for the measurement of low hydrocarbon concentration are NDIR, thermocatalytic and photoionization devices. Optic NDIR sensors are rather selective, but their disadvantage consists in relatively high detection limit. According to, for example, 2 the detection error with NDIR sensor is equal to 1000 ppm. A similar situation can be found in the case of the application of thermocatalytic (thermochemical) gas sensors 3 . The estimations made using these data shows that the detection limit of methane is of about 1000 ppm.
The detection limit of hydrocarbons for photoionization sensors could be as low as 1 ppb 4 , however the limiting factors in this case are relatively high price (~ 1000 Euro) and short life time of 10.4 eV UV lamp.
Therefore, the minimization of humidity response of MOX sensors combining low gas detection limit and low price is important for expansion of gas sensor application.
According to recent point of view 5 , the mechanism of humidity response of tin dioxide based gas sensors involves interaction of water with hydroxyl groups on the surface of semiconductor. This process can be suppressed, obviously, by a decrease in OH-group superficial concentration, which could be achieved by several methods. Among them, the most applicable are high-temperature annealing of sensing nanomaterial and its hydrothermal treatment.
The first method, that is high-temperature annealing of sensing material, is used by different researchers and companies producing gas sensors. The annealing of tin dioxide sensing material at temperature of 900-1000 °C decreases humidity response, but decrease as well overall sensitivity of gas sensor due to dramatic decrease in specific surface of the material and crystalline growth at temperature exceeding 700 o C. For example, in 6 the authors showed that the annealing of SnO 2 at 900 °C lead to decrease in specific surface from 32.1 to 10.8 m 2 /g. This corresponds to our own experience, showing that the annealing of tin dioxide powder at 800 o C for only 15 min. decreases specific surface from ~ 60 to ~ 10 m 2 /g.
There are two opposite methods to decrease the rate of crystallite growth. The first consists in the application of clean methods of SnO 2 synthesis leading to the material free of inorganic ions, first of all, Cl -, Na + , and others existing in inorganic precursors like SnCl 2 . In this method, tin acetate is used as precursor for the synthesis of tin dioxide powder 7 . Vice versa, doping of SnO 2 with 1 wt. % Nb 8 also decreases the rate of crystalline growth of SnO 2 by a factor of 3-4 at 900 o C. This decrease is due to the segregation of doping ions, its concentration on the surface of crystallites.
This way of a decrease in humidity response of gas sensor related with high temperature calcinations of sensing material is not the only possible way. Obviously, an opposite approach that is the saturation of the surface with hydroxyl groups can be used as well; such saturated surface cannot adsorb more water, and this leads to reduced humidity response of the sensor. Such approach was used, for example, in 9 . The authors treated the sensing layer with 0.04 mol/l solution of H 2 SO 4 , followed by the treatment with 0.1 mol/l tiocarbamide (2 min.). After this, the material was annealed at 600 °C for 1 minutes. As a result, the influence of humidity in a range from near zero to 95% RH was decreased considerably, by a factor of two.
To decrease the concentration of OH-groups, we used dry synthesis of SnO 2 material -basic material for hydrogen and hydrocarbon gas sensors. The idea of this approach consists in the application of spark discharge between metallic tin electrodes in air. As a result, tin evaporates from the surface of electrodes with the formation of airborne particles being oxidized by the oxygen contained in the carrier gas (air). Therefore, it is possible to produce directly airborne particles treated at high temperatures, but without crystallite growth, because airborne particles do not have contact between each other during the treatment process.
EXPERIMENTAL
The gas sensing material was produced by using spark discharge generator 10 containing twelve pairs of serially connected cylindrical electrodes powered by 12-nF capacitor charged by high-voltage source ( Fig. 1  11 ) . The electrodes made of pure tin were aligned at a distance of 0.5 mm and blown continuously with dry clean air at a rate of 15 m/s. The optimum values of the source output voltage and the pulse repetition rate of the generator were found to be 4.5 kV and 2.5 kHz, respectively. The size distribution of airborne particles in the output flow is presented in Figure 2 . The deposited nanoparticles in the form of powder were collected from the filter and then annealed in air atmosphere at 610 o C for 2 hours. The ink for producing sensing layer was prepared by blending the annealed powder with the solution of ethyl cellulose in terpineol. This vehicle is typical of the preparation of inks for screen printing 12 . Viscosity of the ink was adjusted for easy deposition of the ink by a needle. The design of the microheater chip used for the deposition of sensing material was described, for example, in 13 . The chip is fabricated by thick film technology, the size of the chip is of 2.5x0.5 mm, strip-shaped heater sandwiched between Al 2 O 3 insulating layers is made of Pt containing composite material and has a resistance of about 10 Ohm. The material of the heater enables the sensor heating up to 600-650 o C (working temperature). The contacts to the sensing layer are made of Pt containing ink. The distance between these contacts is of about 0.3 mm. The ink droplet was deposited on sensor chip by dispensing, then dried at 300 o C and baked at 720 o C.
RESULTS AND DISCUSSION
The as-synthesized powder contains the following crystalline phases: SnO 2 (93.2 wt. %), SnO (5.4 wt. %), and Sn (1.5 wt. %). The annealed powder is composed mostly of tin dioxide. The measured XRD spectra together with the calculated spectra are presented in Figure 3a -b.
Fig. 3. Measured and calculated spectra of as-synthesized (a) and annealed (b) powders
The as-synthesized powder comprises primary particles of near-spherical shape and their aggregates (Fig. 4a-4b) ; their size distribution is presented in Fig. 4c . The powder after the thermal treatment contains slightly elongated particles with some surface faceting (Fig. 5a-5b) ; their size distribution is presented in Fig. 5c . Both types of particles are crystalline that is confirmed by electron diffraction patterns (insets of Fig. 4a, 5a ) and corresponding images (Figure 4b, 5b) . The resistance of the sensor was studied at various concentrations of hydrogen and values of humidity (Fig. 6) . At a temperature of 450 o C, the variation of the sensor resistance does not exceed 20% in the range of humidity 40-100% (Fig. 7A) .
The relative variation of the sensor conductance as a result of changing hydrogen concentration from 0 to 100 ppm is about 8 in this humidity range; the sensor response is described by power law (Fig. 7 b) , which characteristic of sensors of this type 14 .
The detection limit for hydrogen, which is in fact is due to random variations of ambient humidity, is estimated at 1 ppm (3σ). The response times to humidity (~ 10 s) and hydrogen (~ 1 s) are found to be very short (Fig. 8 ) as compared to typical metal oxide sensors prepared by wet sol-gel processes. This is especially refers to the response time to changing humidity. Whereas the response time to changing hydrogen concentrations is equal to several seconds and even less was previously observed by researchers (for example 15, 16 ), the typical response time to changing humidity is much longer. It reaches usually several minutes or even several tens of minutes. For example, in paper 17 the authors analyzed the response time of tin dioxide based sensor to changing humidity. They have shown that the humidity response consists of two parts: fast and slow ones. The fast part of humidity response (approximately 20% of overall amplitude) lasts few seconds, whereas the slow part of humidity response (~ 80% of amplitude) takes > 5 min. (Figure 9 ). This result is typical of tin dioxide gas sensors; we also observed similar behavior of tin dioxide sensing material prepared by sol-gel method. The most important difference obtained for the sensing material fabricated by discharge method developed in this work is the absence of slow part of humidity response.
According to our opinion, this difference is related with the properties of tin dioxide. Indeed, tin dioxide is not only semiconductor material. It is in reality mixed conductor having electron and superficial proton conductivity 18 . This proton conductivity seems to be responsible for slow part of humidity response (Fig. 9) . In our case, the slow part of humidity response is not observed due to the low concentration of superficial hydroxyl groups.
CONCLUSION
The tin dioxide nanopowder with reduced sensitivity to water vapors due to the low concentration of hydroxyl groups was synthesized by spark discharge and studied as a gas sensitive material. The gas sensor prepared based on this material demonstrated very fast and stable response to humidity (~ 10 s) and hydrogen (~ 1 s), thus offering obvious advantages over conventional metal oxide sensors utilizing particles prepared by wet sol-gel processes. The material studied holds promise for the application in gas sensors for hydrogen monitoring systems.
